Porcine reproductive and respiratory syndrome virus (PRRSV) is the etiological agent responsible for a disease in pigs called porcine reproductive and respiratory syndrome (PRRS), which causes severe reproductive failure in sows. PRRS is characterized by late-term abortion, early farrowing, stillbirth, and the birth of weak piglets; it is also associated with the porcine respiratory disease complex in combination with secondary infections (43) . Initially referred to as "mystery swine disease," "mystery reproductive syndrome," and "blueear pig disease," it was first reported in 1987, from North America (1) and central Europe (29) . From 2006 to 2008, a PRRS epidemic occurred in China and Southeast Asia, where it was initially known as "high fever disease." Thus, PRRSV has been found in the majority of swine-producing countries around the world and has caused enormous economic losses in the swine industry (24) .
There are two prototype PRRSV strains: the North American strain is VR-2332, and the European strain is the Lelystad virus (LV). Although these two strains cause similar clinical symptoms, they represent two distinct viral genotypes, with their genomes diverging by around 40% (37) . Unfortunately, the genetic variation among viruses isolated from different locations (17, 25) increases the difficulty of developing effective vaccines.
PRRSV is a small, enveloped RNA virus belonging to the genus Arterivirus in the family Arteriviridae of the order Nidovirales (33) . The three other known members of this genus are Equine arteritis virus (EAV), Simian hemorrhagic fever virus (SHFV), and Lactate dehydrogenase-elevating virus (LDV). PRRSV contains a single-stranded, positive-sense RNA genome (ϳ15 kb) that carries nine open reading frames (ORFs). Following virus entry into cells and release of the genome into the cytoplasm, the PRRSV life cycle begins with expression of the large replicase gene, consisting of ORFs 1a and 1b. Genome translation yields two multidomain replicase polyproteins, named pp1a and pp1ab, with the latter being a C-terminally extended version of the former due to a ribosomal frameshift mechanism (19) . Polyproteins pp1a and pp1ab are predicted to be cleaved into 14 nonstructural proteins (nsps) by the nsp4 3C-like main protease (38) and three accessory proteinases residing in nsp1 (including nsp1␣ and nsp1␤) and nsp2 (41, 50) (Fig. 1) . The resulting mature nsps direct viral RNA synthesis, presumably after forming a replicationtranscription complex (RTC) that is associated with endoplasmic reticulum-derived paired membranes and doublemembrane vesicles (10, 30) .
Nsp1 is reported to be a multifunctional protein containing two papain-like cysteine proteases, named PCP␣ and -␤, and a zinc finger motif required for subgenomic mRNA (sg mRNA) transcription. From sequence analyses, it was determined that nsp1␣ contains the N-terminal zinc finger and PCP␣, while nsp1␤ contains PCP␤ (6, 27, 39, 40). Although PRRSV nsp1␣
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and -␤ share low sequence identity with papain, the characteristic residues of papain-like proteases are generally conserved in the primary sequences of the nsp1␣ and -␤ proteins from EAV, PRRSV, LDV, and SHFV. Nsp1␣ and -␤ are the first two self-releasing proteins encoded in the PRRSV polyprotein. They cleave themselves from downstream proteins through their C-terminal PCP domains, at Cys-Ala-Met1802Ala-AspVal and Trp-Tyr-Gly2032Ala-Gly-Lys (the residues are numbered according to the nsp1␣ and -␤ amino acid sequences, respectively) cleavage sites (34) .
Previous studies have shown that mutations that inactivate PCP␣ activity completely block sg mRNA synthesis, while PCP␤ activity was shown to be essential for viral RNA synthesis. This indicates that the correct processing of the nsp1␣-nsp1␤ and nsp1␤-nsp2 cleavage sites is essential for PRRSV genome replication (19) . Moreover, it was previously suggested that the PCP␤ domain interacts with p100, a cellular transcription cofactor, and thus affects sg mRNA synthesis much like its homolog in EAV (39) . Furthermore, nsp1␤ was reported to be a determining factor in the virulence of PRRSV (20) . While this report was in preparation, Beura and colleagues reported that nsp1␤-mediated subversion of the host immune response plays an important role in PRRSV pathogenesis (2) . Despite the crucial role that nsp1␤ plays in the PRRSV life cycle and its virulence, the self-processing mode and precise functional role of nsp1␤ remain unclear due to a lack of direct evidence. Additionally, the differences between the self-processing modes of several reported viral PCP proteins, including foot-and-mouth disease virus (FMDV) L pro , PRRSV nsp1␣, and PRRSV nsp2, veil the precise self-processing mode of PRRSV nsp1␤ (11, 12) .
We report here the three-dimensional structure of PRRSV nsp1␤. The C-terminal domain of nsp1␤ adopts a conformation similar to that of other proteases in the papain superfamily. This is consistent with reported results, and moreover, the structure shows the exact cleavage site, at Trp-TyrGly2032Ala-Gly-Lys. Surprisingly, the crystal structure revealed that the N-terminal domain (NTD) of nsp1␤ has a strict metal-dependent nuclease activity (demonstrated by in vitro nucleic acid degradation assays). Furthermore, Lys18 and Glu52, which are located in the charged area on the surface of the nsp1␤ NTD, were confirmed to be crucial for nsp1␤ nuclease activity by mutagenesis study. Combined with the recently reported result showing nuclear localization of nsp1␤ in infected cells (2, 4) , these data allow us to understand the precise functional role of nsp1␤ in PRRSV infection and thus offer a multitarget template for future drug discovery.
MATERIALS AND METHODS
Protein expression, purification, and characterization. The nsp1␤ coding sequence was amplified by PCR from a PRSSV strain GD-XH cDNA library and was inserted into the pGEX-6p-1 plasmid (GE Healthcare) EcoRI and XhoI sites (shown in bold below). The forward and reverse PCR primers used for amplification were Nsp1␤-F (5Ј-CCG GAA TTC AGG CCC AAA CCT GAG GAC TC-3Ј) and Nsp1␤-R (5Ј-CCG CTC GAG TTA ACC GTA CCA CTT ATG ACT GC-3Ј), respectively. The plasmid was transformed into Escherichia coli strain BL21(DE3), and cells were cultured at 310 K in LB medium containing 100 mg liter Ϫ1 ampicillin. After the optical density at 600 nm (OD 600 ) reached 0.8, the culture was cooled to 289 K and supplemented with 0.5 mM IPTG (isopropyl-␤-D-thiogalactopyranoside). After overnight induction, the cells were harvested by centrifugation at 5,000 rpm (10 min, 277 K). The cell pellets were resuspended in lysis buffer (50 mM MES [morpholineethanesulfonic acid], pH 6.0, 500 mM NaCl) and disrupted by sonication. The insoluble material was removed by centrifugation at 12,000 rpm (30 min, 277 K). The glutathione S-transferase (GST) fusion protein was purified by GST-glutathione affinity chromatography, cleaved with PreScission protease (GE Healthcare), and eluted with buffer containing 50 mM MES, pH 6.0, and 500 mM NaCl. The selenomethionine (SeMet)-substituted protein was expressed in minimal medium that inhibits methionine synthesis (42) . The BL21(DE3) cells were incubated overnight in LB medium at 310 K and harvested at 5,000 rpm (10 min, 277 K). The pellet was inoculated into 1 liter of M9 medium (supplemented with 100 mg liter Ϫ1 ampicillin, 3% glucose, 100 mg [each] of Lys, Phe, and Thr, and 50 mg [each] of Ile, Leu, Val, and SeMet) at 310 K until an OD 600 of 0.6 was reached. After induction with 1 mM IPTG, the cells were grown at 289 K for another 16 h. The SeMet-labeled protein was purified and PreScission protease digested by the same procedure as that for the native protein.
Crystallization. The freshly prepared protein was concentrated to 3.5 mg/ml in 50 mM MES (pH 6.0) and 500 mM NaCl. Crystallization was performed at 290 K by the hanging-drop vapor diffusion technique. Crystals were obtained by mixing 1.5 l of protein solution with an equal volume of reservoir solution containing 100 mM HEPES (pH 7.0) and equilibrating it against 300 l of reservoir solution. Crystals grew to a final size of 30 by 50 by 200 m within 3 days. The crystals belonged to space group P4 1 2 1 2, with cell parameters a ϭ b ϭ 51.0 Å, c ϭ 54.6 Å, and ␣ ϭ ␤ ϭ ␥ ϭ 90°.
Crystals of the selenomethionyl derivative protein were obtained under the same conditions. They grew to 30 by 50 by 200 m and also belonged to space group P4 1 2 1 2, with cell parameters a ϭ b ϭ 51.0 Å, c ϭ 154.6 Å, and ␣ ϭ ␤ ϭ ␥ ϭ 90°. Crystals were cryoprotected by being soaked in reservoir solution and 20% ethylene glycol. They were flash cooled in liquid nitrogen and then transferred into a dry nitrogen stream at 100 K for X-ray data collection.
X-ray data collection, processing, and structure determination. Multiplewavelength anomalous dispersion (MAD) data sets for the selenomethionyl derivative of nsp1␤ were collected to a resolution of 2.8 Å at 100 K, using an ADSC Q270 charge-coupled device (CCD) detector on beamline BL17A at Photon Factory. Another data set for native nsp1␤ was collected to a resolution of 2.8 Å on beamline BL5A, using an ADSC Q315 CCD detector with a 1.0000-Å wavelength. Data were processed and scaled using the HKL2000 package (28) . Crystals belonged to the space group P4 1 2 1 2, with one monomer per asymmetric unit. The Matthews coefficient, V M , was calculated as 2.2 Å 3 /Da, corresponding to a solvent content of 46% (23) . Three Se atoms in the asymmetric unit were located from MAD data by use of SHELXD (32) , with partial occupancy of Ͼ0. 9 and CC all and CC weak scores of 58.55 and 41.42, respectively. Initial phases were calculated by SOLVE (36) , and phases were subsequently improved using RESOLVE (36) , to a mean overall figure of merit of 0.65. Initial density maps were traceable by RESOLVE (36) , which built partial fragments in the asymmetric unit. Manual rebuilding was performed in COOT (8) , and initial refinement was performed with CNS (3). During the later stages of positional refinement, restraints were relaxed, and a bulk solvent correction was applied under the guidance of R free . Model geometry was verified using the program PROCHECK (21) . Solvent molecules were located from stereochemically reasonable peaks in the A-weighted F o -F c difference electron density map. Final refinement statistics are shown in Table 1 . Figures were created using PYMOL (5) .
In vitro nuclease assay. -DNA used as a double-stranded DNA (dsDNA) substrate was purchased from Invitrogen. A ssDNA substrate composed of 30 nucleotides (5Ј-GCT ATG GCT GCC GTC TAT GAC ATT GGT CGT-3Ј) and a dsRNA substrate composed of 30 nucleotides in each chain (5Ј-GAG GUC AGG AGA UCG AGA CCG UCC UGG CUA-3Ј and 3Ј-CUC CAG UCC UCU AGC UCU GGC AGG ACC GAU-5Ј) were synthesized by Takara. A ssRNA substrate composed of 30 nucleotides (5Ј-GAG GUC AGG AGA UCG AGA CCG UCC UGG CUA-3Ј) was also synthesized by Takara.
In vitro nucleic acid cleavage was performed by incubating 0.1 mg/ml (ϳ5 M) nsp1␤ with -DNA substrate (20 ng/l) (Invitrogen Corp.) at 37°C in a final volume of 10 l. The reaction buffer contained 20 mM Tris-HCl (pH 8.5), 100 mM KCl, 1 mM dithiothreitol (DTT), and a 1 mM concentration of different metal salts. The reactions were stopped by the addition of EDTA to a final concentration of 5 mM. The effects of divalent cations on nsp1␤ nuclease activity were tested by using the same reaction buffer and 0.05 mg/ml (ϳ2.5 M) nsp1␤ and incubating -DNA with nsp1␤ in the presence of different metal salts (MnCl 2 , MgCl 2 , CaCl 2 , and NiCl 2 ) at pH 7. The reaction products were loaded into 1.2% agarose gels and stained with ethidium bromide. The effects of nsp1␤ nuclease activity on ssRNA, ssDNA, and dsRNA were verified following the same procedure, except that the products of the ssDNA and dsRNA assays were loaded into 10% polyacrylamide gels and stained with ethidium bromide. Nuclease S1 and RNase A (Takara) were used as positive controls in ssDNA, ssRNA, and dsRNA assays.
The nuclease activities of nsp1␤ mutants were estimated following the same procedure, using -DNA as a substrate in a reaction buffer containing 20 mM Tris-HCl (pH 8.5), 10 mM MgCl 2 , 100 mM KCl, and 1 mM DTT.
Autocleavage site identification. The general procedure used to identify the precise autocleavage site of nsp1␤ was similar to that described previously (34) . Briefly, the gene encoding nsp1␤-nsp2K122 was cloned and transformed into the pET-28a vector, with N-and C-terminal His tags and a thrombin cleavage site between the N-terminal His tag and nsp1␤. After running of samples through a nitrilotriacetic acid (NTA) column and washing with 20 ml MCAC-100, thrombin was added to the column for 12 h at 4°C to remove autocleaved nsp1␤. Nterminal sequencing of the remaining autocleaved nsp2K122 was then performed by Shanghai GeneCore BioTechnologies Co., Ltd. The results show that the autocleavage site of nsp1␤ should have the sequence KWYG at its C terminus.
Cross-linking gel assay. Native nsp1␤ was diluted to 5 mg/ml in phosphatebuffered saline (PBS) (pH 7.0), 1 M NaCl, and 1 mM DTT. Ethylene glycolbis (succinimidylsuccinate) was dissolved in dimethyl sulfoxide (DMSO) to a concentration of 25 mM and then added to 20 l of protein sample with a final concentration of 0.09, 0.18, 0.38, 0.75, 1.5, or 3.0 mM. After the mixture was incubated at room temperature for 30 min, the reaction was quenched for 10 min by adding 1 M Tris-HCl (pH 7.5) to a final concentration of 50 mM. An equal volume of 2ϫ SDS-PAGE sample buffer was added, and a small amount was analyzed in a 15% SDS-polyacrylamide gel.
RESULTS AND DISCUSSION
Structure of PRRSV nsp1␤. The crystal structure of the 23-kDa PRRSV nsp1␤ protein (residues Ala1 to Gly203) was determined using the MAD method and refined to 2.8-Å resolution with a final R work value of 22.5% (R free ϭ 27.1%). The crystal belongs to the space group P4 1 2 1 2, and there is one nsp1␤ molecule in an asymmetric unit with a Matthews coefficient of 2.2 Å 3 /Da (corresponding to 46% solvent content) (23). The nsp1␤ monomer possesses an overall elliptical structure with dimensions of 50 by 35 by 30 Å and consists of six ␣-helices and seven ␤-strands ( Fig. 2A) . It can be divided into two major parts: the N-terminal domain (NTD; Ala1 to Ser48) and the known C-terminal papain-like cysteine protease domain (PCP␤; Val85 to Pro181). The structure also features two accessory regions: the linker between the N-and C-terminal domains (LKD; Phe49 to Thr84) and a C-terminal extension jvi.ASM.ORG -(CTE; Asn182 to Gly203). The details of the data collection and structure refinement are summarized in Table 1 . The NTD is formed by three antiparallel ␤-strands (␤1 to ␤3) and one ␣-helix (␣1). It is connected to the PCP␤ domain by the flexible LKD, which is formed mainly by random coils and two short (three-residue) helices (␣5 and ␣6). These likely contribute to the putative biological formation of nsp1␤ homodimers. The PRRSV nsp1␤ PCP␤ domain has a typical papain fold (15) , which consists of a compact global region containing sequentially connected left (L) and right (R) parts in a so-called standard orientation (11) (Fig. 2A) . The L subdomain of the PCP␤ domain consists of three ␣-helices (␣2 to ␣4), while the R subdomain is formed by four antiparallel ␤-strands (␤4 to ␤7). Cys90 (located at the N-terminal end of ␣2, in the L subdomain) and His159 (located in the middle of ␤6, in the R subdomain) face each other at the L-R interface and form the catalytic center of the PCP␤ domain.
The 21-residue nsp1␤ CTE region was traced into unambiguous electron density and extends from the C terminus (residue Pro181) to the PCP␤ active site. Moreover, residues Phe194 to Gly203 in the CTE fully occupy the putative substrate binding site of the PCP␤ domain in cis. This observation suggests that the CTE likely serves as a natural substrate for PCP␤ through intramolecular interactions and might prevent further biological function of the PCP␤ domain, thus implying a self-processing mechanism for nsp1␤.
Additionally, we artificially cloned five residues corresponding to the C terminus of nsp1␣ into the N terminus of nsp1␤. Unsurprisingly, nsp1␣ Ala179 and Met180 were identified by unambiguous electron density in the crystal structure, while the other three residues were missing due to a lack of density. This is consistent with the observation that cleavage of the nsp1␣-nsp1␤ bond is mediated by nsp1␣ and not by nsp1␤.
Homodimer assembly. The dimeric architecture of PRRSV nsp1␤ was first observed by gel filtration chromatography during its purification (Fig. 2C) . Subsequently, the results of ethylene glycol disuccinate di(N-succinimidyl) ester (EGS) crosslinking (Fig. 2D) confirmed that nsp1␤ exists as a homodimer in solution and demonstrated that such a dimeric architecture does not dissociate, even at very high salt concentrations (5 M NaCl). From the crystal structure, two symmetry-related monomers form a bat-shaped homodimer via the crystallographic 2-fold axis; two PCP␤ domains form the "wings," and the two interacting NTDs form the "body" (Fig. 2E) .
The major contacts between the two monomers are provided by residues in the NTD, including residues in ␤1 to ␤3 and the long loop region connecting ␤3 and ␣1. Minor contributions come from residues in the LKD, especially the short helices ␣2 and ␣3, and from the loop region which connects ␤5 and ␤6 in the PCP␤ domain. These residues include Asp2, Val3, Tyr4, Pro23, Arg24, Glu28, Lys30, Phe31, Glu32, His52, Lys153, Glu154, Trp156, and Lys200, together with their counterparts in the second monomer ( Table 2 ). The relatively hydrophilic contact region between the two monomers is 3,145 Å 2 (31% of the total) from each monomer, consistent with the strong dimerization in solution ( Fig. 2F and G) . In addition, attempts to construct a series of point mutations that abolish dimerization failed when the expressed proteins were found to be insoluble. This was putatively due to unfavorable solvent-exposed surfaces, which is very similar to what was found for the crystal structure of PRRSV nsp1␣ (34) . Together, both the structural and solution data suggest that a homodimer is likely to be the biologically functional unit of nsp1␤.
While the NTD and certain regions of the PCP domain of nsp1␤ interact with each other to form the homodimer, the PCP enzyme active sites of each subunit within the homodimer are on opposing sides and are exposed to solvent. This permits independent function of the active sites (if they are not blocked by the CTE) and suggests a cis self-processing mode. It should be noted that according to a comparison of the crystal structures of PRRSV nsp1␣ and FMDV L pro , FMDV L pro functions as a monomer when it proteolytically cleaves the host cell protein eIF4G (11), while PRRSV nsp1␣ likely also forms a dimeric biological unit (unpublished data). Although the PCP␤ domain of PRRSV nsp1␤ shares high structural similarity with other viral papain-like proteases, its NTD is quite different. These additional structural features, including the NTD and the dimeric architecture of PRRSV nsp1␤, may bear important functions in addition to the known protease activity.
The structure of the nsp1␤ NTD reveals a nuclease activity. Although comparisons with the entire nsp1␤ monomer yielded no distinct structural homologues, comparisons of the NTD and PCP␤ domains with other structures in the Protein Data Bank (PDB) (using the structure comparison service SSM [18] ) yielded several structural homologues, from the endonuclease and cysteine protease families, respectively. PCP␤ has been demonstrated to possess papain-like cysteine protease activity related to the self-release of nsp1␤, and thus the SSM result for the PCP␤ domain was totally unsurprising. Interestingly, however, the most significant matches to the nsp1␤ NTD, based on the highest Z and Q scores, included the reported structures of the lambda integrase N-terminal domain (PDB accession code 1KJK [45] ) (Z score, 4.7), the TN916 integrase N-terminal domain (PDB accession code 1TN9 [44] ) (Z score, 4.6), the methyl-CpG-binding domain of human MBD1 (PDB accession code 1IG4 [26] ) (Z score, 5.3), and the endoribonuclease Sa (PDB accession code 1ZGX [31] ) (Q score, 0.15). Moreover, the topology of HIV-1 integrase was also found to share similarity with the NTD of PRRSV nsp1␤. Although the sequence identities of nsp1␤ with HIV-1 integrase and RNase Sa are relatively low (10% and 11%, respectively), secondary structural superposition revealed that the structures of their core regions are remarkably similar, with root mean square deviations (RMSD) of 2.8 Å and 2.0 Å, respectively (Fig. 3A) . Since HIV-1 integrase is also known to have nonspecific nuclease activity (9) , all of these structural features suggest a putative nuclease activity for the nsp1␤ NTD. Since many nucleases are reported to be dependent upon divalent cations for their activity (7, 14, 22, 35, 48, 49) , we performed an in vitro nucleic acid degradation assay to further examine this potential nuclease activity (and possible divalent metal ion dependence) of nsp1␤. The results show that nsp1␤ does have intrinsic nuclease activity that is strictly divalent cation dependent (Fig. 3B, C, and D) . The PRRSV nsp1␤ nuclease activity (using -DNA as a substrate) was enhanced in the presence of either Mn 2ϩ or Mg 2ϩ ions but not Ca 2ϩ or Ni 2ϩ ions (Fig. 3C) . Furthermore, the nuclease activity was greatest in the presence of Mn 2ϩ ions rather than Mg 2ϩ ions, and the substrate degradation pattern with equimolar amounts of Mn 2ϩ and Mg 2ϩ is distinguishable from that with Mn 2ϩ alone (Fig. 3C) . To examine the nuclease activity of PRRSV nsp1␤ on other types of nucleic acid, we also performed the in vitro nucleic acid degradation assay by using rRNA extracted from fresh porcine liver (ssRNA) and synthesized ssDNA and dsRNA as the substrates. Though PRRSV nsp1␤ showed distinct nuclease activity on ssRNA, the same as that with dsDNA, it unexpectedly and completely lost this nuclease activity with ssDNA and dsRNA as the substrates (Fig. 3E and  F) . While this report was in preparation, the reported results of subcellular localization experiments in MARC-145 cells showed the nuclear localization of nsp1␤ molecules in infected cells (2) . Taken together, these results suggest that the NTD of nsp1␤ presents a nuclease activity on ssRNA and dsDNA, and we propose that this ability could be related to its virulence determinant role in PRRSV infection by affecting the nucleic acids in host cells. In the crystal structure, the six NTD ␤-strands in the interacting region of the monomers combine to form a barrel-like structure. The Ala1-Val3, Tyr13-Trp27, and His52-Val55 residues of one monomer face their counterparts in the neighboring monomer to form an S-shaped, positively charged pocket with a diameter of ϳ10 Å and a depth of ϳ12 Å extending to ϳ30 Å (Fig. 4A) . The properties of this pocket suggest a putative nucleotide binding site which could be related to nuclease activity. In particular, Lys18 is solvent exposed and might help to stabilize bound nucleic acid. Moreover, since acidic residues are usually found in the active sites of nucleases, the negatively charged region formed by Asp2, Glu32, and Glu154 in the potential surface of the nsp1␤ NTD could also be related to nuclease activity. Additionally, all of the residues that are involved in the putative nucleic acid binding groove are conserved among the different PRRSV strains, suggesting similar nuclease activities (13) . To find the key residues which are crucial for nsp1␤ nuclease activity, a series of mutants was verified by nucleic acid degradation assay. Unsurprisingly, mutation of Lys18 and Glu32, located in the positively and negatively charged regions, respectively, specifically abolished the nuclease activity of nsp1␤, supporting our hypothesis (Fig. 4B) .
Unfortunately, attempts to solve the crystal structure of PRRSV nsp1␤ in complex with substrates, metal ions, or potential inhibitors failed and prevented us from describing the clear scenario of nsp1␤ nuclease activity. Nevertheless, the results from the structural investigation and in vitro nucleic acid degradation assays provide a solid basis to begin to understand the functional role of PRRSV nsp1␤ and to formulate an anti-PRRSV therapy. It is conceivable that nucleotide analogues which bind to the nsp1␤ nuclease active site with high affinity, and thus act as competitive inhibitors of the enzyme, can be employed as therapeutics to combat the current threat of highly pathogenic PRRSV.
The active site of PCP␤ and its interaction with the CTE. The structure of the PCP␤ domain in the C terminus of nsp1␤ helps to illustrate the autocleavage site for nsp1␤/nsp2 processing. PRRSV nsp1␤ frees itself from the parent polypeptide chain by cleavage between its own C terminus and the N terminus of nsp2, the downstream protein in the polyprotein. To further confirm the exact cleavage site of nsp1␤, we constructed and expressed an nsp1␤-nsp2K122 fusion in order to determine the N-terminal sequence, which is similar to that described for nsp1␣ (unpublished data). The results show that the exact self-cleavage site of nsp1␤ is Trp-Try-Gly2032Ala-Gly-Lys, which is consistent with previous reports (19) . In the final refined nsp1␤ model, the last residue (Gly203) has highquality electron density in the vicinity of the PCP␤ catalytic center.
In the catalytic center, one of the carboxylate oxygen atoms of Gly203 (usually named the P 1 substrate residue) points toward the "oxyanion hole" and is stabilized by the sulfhydryl group of Cys90 and the imidazole group of His159, with distances of 2.1 Å and 2.5 Å, respectively. This is very similar to the substrate binding behavior in the crystal structure of PRRSV nsp1␣. As with previously reported crystal structures of PCPs, His159 initiates a hydrogen bonding network involving Gln148 and Leu160 that might act as a charge relay system during catalysis (Fig. 5B) .
The presence of the CTE residues running along the substrate binding groove and their stabilization by a network of hydrogen bonds suggest the possibility of the same substrate binding during self-processing. The last six residues of the CTE are in an extended conformation (Fig. 5A, B, and C) , similar to that observed in complexes of enzymes of the papain super-family with peptide-like inhibitors (46, 47) . Three major parts of the PCP␤ domain contribute to CTE binding. Residues on helix ␣4 (Lys124 to Arg128) form one wall of the binding pocket, while residues on strands ␤5 and ␤7 form the other wall (Fig. 5A) . The central helix (␣2) and several side chains on ␤6 form the bottom of the binding pocket. The two walls sandwich the CTE tightly to stabilize its conformation, and the catalytic center is located at the top of the substrate binding pocket.
On the CTE side, the major interactions between the CTE and PCP␤ are essentially hydrophobic and provided by Phe194 to Gly203. Whereas Gly203 occupies the S 1 position, Tyr202, Phe196, and Phe194 occupy the S 2 to S 4 subsites, respectively. Unlike some reported structures of PCPs and their substrate . The reaction products were loaded onto a 10% polyacrylamide gel and stained with ethidium bromide. (E and F) The nuclease activities of nsp1␤ on dsRNA and ssDNA were examined through a similar procedure to that described above, except that S1 nuclease was used as the positive control (lane 3) in the ssDNA assay. The reaction products of nsp1␤ with substrates at 37°C are shown after 10, 20, 40, 80, and 160 min (lanes 6 to 10). 5C ). The loop regions that connect helices ␣3 and ␣4 (i.e., residues Lys118 to Thr124) and strands ␤4 and ␤5 (i.e., residues Glu154 to Ile157) form a narrow, cleft-shaped S 2 subsite, as in most other papain-like proteases (16) . The residues Phe196 and Phe194, which occupy the P 8 and P 10 positions, respectively, are surrounded by the hydrophobic side chains of Leu94, Leu126, Leu130, Leu135, Ile147, Leu160, and Ile177. Thus, the corresponding S 3 and S 4 sites of the PCP␤ domain are mostly hydrophobic subsites with a vacant volume of ϳ450 Å 3 . The hydrophobic side chain of Phe196 from the CTE is completely buried in the S 3 subsite. This hydrophobic subsite is relatively similar to, although not strictly conserved with, the equivalent subsite in most papain-like proteases. The S 4 subsite lies at the end of the binding pocket and is occupied by Phe194. In addition, residues of the CTE also establish a number of hydrogen bonds with the PCP␤ domain to stabilize its conformation (Table 3) .
A possible self-processing mode. Although there is still a lack of sufficient biochemical data to firmly establish a model for the mechanism of protease self-processing, several structural features of PRRSV nsp1␤ suggest that a cis (intramolecular) processing mode may be favored for the self-release of nsp1␤ from nsp2. In our crystal structure, the residues Nterminal to the cleavage site were well defined in the electron density map and were well stabilized by an intramolecular hydrogen bond network. Notably, as discussed above, one carboxylate oxygen atom of the C-terminal Gly203 residue points toward the oxyanion hole and is stabilized by the sulfhydryl group of Cys90 and the N␦1 atom of His159. This oxygen atom likely represents the position of the actual product after hydrolysis, and Gly203 fully occupies the nsp1␤ active site. Moreover, an in vitro enzyme assay using a fluorescently labeled substrate indicated no distinct nsp1␤ protease activity, which was unsurprising based on the very stable binding behavior of Gly203. In addition, the cleavage sites of the two subunits are on opposite sides of the homodimer. Considering the peptide length of the CTE region, it is unlikely that the two subunits could self-process in trans. Therefore, intramolecular self-processing seems the most probable mechanism for PRRSV nsp1␤, based on our current model. The same observation was also made with the crystal structure of PRRSV nsp1␣, and similar conclusions have thus been drawn for PRRSV nsp1␣ and FMDV L pro , for which cleavage in cis is considered the most probable scenario. The binding in trans of the CTE domain observed in the FMDV L pro crystal structure is an artifact of crystallography and its host cell eIF4G cleavage ability (11) .
From sequence alignments of PCP␤ domains, we found that the nsp1␤ proteins of PRRSV, LDV, SHFV, and FMDV L pro share high similarity (Fig. 5D ). For example, aside from the catalytic dyad (Cys90 and His159, which correspond to Cys276 and His345 in a previous report [16] ), Trp91, covering the hydrogen bond between the dyad, is also conserved, indicating a similar cleavage mechanism shared by the PCP␤s of PRRSV, LDV, and SHFV.
By comparing our data with the PCP domains in FMDV L pro and severe acute respiratory syndrome coronavirus (SARSCoV) PL pro , we found that there are distinct differences between the PCP domains in these three crystal structures. In the FMDV L pro structure, one of the two CTEs in each asymmetric unit is in a free and flexible state, while the other is well stabilized by the PCP domain of an adjacent L pro molecule. This observation illustrates that the contact between the FMDV L pro CTE and the PCP catalytic domain is not very stable in solution, consistent with its alternative proteolytic ability toward eIF4G. A similar observation was also seen in the crystal structure of SARS-CoV PL pro . No substrate was found in the active site of its PCP, which is consistent with the deubiquitinating enzyme activity of PL pro . In sharp contrast, the CTE of PRRSV nsp1␤ is well stabilized by the PCP domain and is unlikely to allow subsequent protease activity on other substrates after self-cleavage. This product-inhibitor phenomenon suggests that the PCP domain of PRRSV nsp1␤ is unlikely to have specific proteolytic activity toward any host cell protein. It further suggests that self-release of nsp1␤ from the polyprotein is directly related to some nonproteolytic activity (40) .
Conclusions. PRRSV nsp1␤ is the second protein in the pp1a polyprotein encoded by PRRSV and has been reported to be essential for viral RNA synthesis and virulence. The crystal structure of nsp1␤ consists of the NTD, which contains a strict metal ion-dependent nuclease activity on ssRNA and dsDNA; a C-terminal PCP domain, which can release the protein from the downstream nsp2 protein; a CTE, which exemplifies the substrate binding to the proteolytic catalytic site during self-processing; and a linker connecting the NTD and the PCP domain, which also contributes to nsp1␤ homodimer formation. Moreover, the homodimeric architecture of nsp1␤ suggests a putative nuclease active center and a cis mode of PCP␤ self-processing. The elucidation of the potential dual role of PRRSV nsp1␤ in proteolytic processing and nuclease activity during viral replication and infection expands the available multitarget templates that can be investigated for inhibition by therapeutic compounds that can disrupt the replication of different PRRSV prototype strains. 
